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Abstract
In this paper, we present a simple and feasible drug self-assembled delivery system with pH responsiveness and targeting 
function for cancer therapy. The drug delivery system is composed of an anticancer drug and an amphiphilic random copoly-
mer based on phenylboronic acid, galactose, and polyethylene glycol monomethyl ether acrylate molecules and achieved 
through reversible addition–fragmentation chain transfer polymerization. The micelles present targeting function by intro-
ducing galactose molecules and show pH sensitivity on the basis of the interactions between phenylboronic acid and galac-
tose molecules. Particle size, transmission electron microscopy, and drug release assays show the pH-responsive behavior 
of micelles at pH 6.0. Cellular uptake assay demonstrates that micelles can internalize HepG2 cells via receptor-mediated 
interaction. In addition, the drug-loaded micelles can considerably inhibit cancer cell proliferation as indicated by in vivo 
antitumor assay. The synthesized micelles may facilitate the development of valid drug delivery systems for cancer therapy.
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Introduction

In 2018, cancer led to over 9.6 million deaths worldwide.
(Bray et al. 2018) At present, the conventional routes to 
manage cancer are chemotherapeutic by using conventional 
anticancer drugs although the conventional drugs present 
some obvious evident drawbacks (Wang et al. 2017a, 2017b; 
Alexander et al. 2017). Thus, new methods must be sought 
to treat this fatal disease.

Much effort has been dedicated in the anticancer field to 
develop new therapeutic drugs for the treatment of cancers 
(Zhang et al. 2019, 2017a; Lin et al. 2020) For example, a 
the drug delivery system, as an effective therapeutic strategy, 
is widely used for cancer chemotherapy. (Wang et al. 2017b; 
Koyamatsu et al. 2014; Duan et al. 2016; Gao et al. 2017; 
Zhang et al. 2017b; Saw et al. 2020) Drug delivery systems, 
such as silica nanoparticles, (Cheng et al. 2019) lipidosomes, 
(Liposomes assembled from a dual drug-tailed phospholipid 
for cancer therapy.Chemistry An Asian Journal2015, 10 (5), 
1232. 2015; Arouri et al. 2013) vesicles, (Duan et al. 2013), 

and amphiphilic polymer nanoparticles, (Cho et al. 2008; Guo 
et al. 2019), are generally viewed as effective alternatives to 
conventional small drugs in the treatment of diseases.(Zhang 
et al. 2017a) For example, Saw et al. investigated a formula-
tion of novel lipid-based nanostructures via simple tuning of 
lipid combinations. The drug encapsulation tests and in vivo 
antitumor efficacy revealed that certain lipid nanostructures 
possessed superior tumor retardation effects (Saw et al. 2020). 
Among these systems, various stimulus-responsive drug deliv-
ery systems receive considerable attention owing to their abil-
ity to release their encapsulated drugs in response to specific 
conditions, (Yao et al. 2016; Li et al. 2018; Pan et al. 2018; Han 
et al. 2018) such as pH, (Cheng et al. 2017) reactive oxygen 
species, (Zhang et al. 2018; Chen et al. 2021) temperature, (Li 
et al. 2018), and enzyme (Zhang et al. 2019). Chen et al. devel-
oped redox-responsive nanoparticle encapsulating black phos-
phorus quantum dots (BPQDs) as a robust photothermal opti-
cal coherence tomography agent for cancer theranostics (Chen 
et al. 2021). The system could rapidly respond to glutathione 
and effectively release BPQDs and drugs in vitro and in vivo. It 
also exhibited excellent near-infrared photothermal transduction 
efficiency and could serve as a novel therapeutic platform with 
considerably low side effects. Li et al. developed a polypeptide-
based block ionomer complex by using a polymer/polypeptide 
and an anticancer drug (Li et al. 2013). Drug release from this 
complex was rapid at an acidic pH environment and slow at 
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physiological pH. All the results demonstrated that the complex 
drug delivery systems acting as a valid therapeutic modality in 
the therapy of solid tumors were a promising vector to deliver 
anticancer drugs into tumors.

Clinical anticancer drugs generally damage normal tis-
sues owing to the lack of recognition between normal and 
tumor tissues. Therefore, an efficient drug delivery sys-
tem should be able to distinguish normal and tumor cells 
by targeting tumor tissues (An et al. 2015). The superior-
ity of nanoparticles with targeting function can improve 
drug accumulation in tumor tissues and decrease side 
toxicity (Cheng et al. 2019; Tan et al. 2018). For exam-
ple, Zhang developed a programmable drug delivery sys-
tem based on a composite nanoparticle for enhancing and 
sensitizing chemotherapy to drug-resistant cancer (Zhang 
et al. 2019). The nanoparticle composed of a cross-linked 
chondroitin sulfate hydrogel that could mediate tumor-
specific CD44 targeting with induced tumor-specific 
cytotoxicity. An prepared multifunctional nanoparti-
cles for the tumor-targeted delivery of anticancer drugs 
via self-assembly of amphiphilic copolymers (An et al. 
2015). Galactose was introduced into the multifunctional 
nanoparticles to target the overexpressed protein, that is 
asialoglycoprotein receptor, in hepatoma cells (Ashwell 
and Harford 1982; Hashida et al. 2001).

In the present study, we synthesize an amphiphilic ran-
dom copolymer based on phenylboronic acid, galactose, 
and polyethylene glycol monomethyl ether acrylate mole-
cules by reversible addition–fragmentation chain transfer 
(RAFT) polymerization. The amphiphilic copolymer can 
self-assemble in a water solution to obtain stable and bio-
compatible micelles. The copolymer is prepared with one 
step, which is a simple and feasible design for efficient 
anticancer drug delivery compared with other anticancer 
systems. Although it is simple, the system is endowed 
with targeted and pH-responsive groups to enhance the 
anticancer effect. The micelles present targeting func-
tion by introducing galactose molecules and show pH 
sensitivity on the basis of the interaction between phe-
nylboronic acid and galactose molecules. Particle size, 
drug delivery, in vitro cell viability, and anticancer effect 
are investigated to evaluate the potential use of micelles 
in cancer therapy.

Experiments

Materials

An amphiphilic random copolymer based on phenylboronic 
acid, galactose, and polyethylene glycol monomethyl ether 
acrylate molecules was synthesized via RAFT polymerization. 

The amphiphilic copolymer could self-assemble in a water solu-
tion to generate stable and biocompatible micelles. The introduc-
tion of galactose molecules led to the targeting function of the 
micelles, and the interaction between phenylboronic acid and 
galactose molecules indicates the pH sensitivity of the micelles. 
Herein, the potential use of micelles in cancer therapy was evalu-
ated through investigating particle size, drug delivery, in vitro 
cell viability, and anticancer effect.

Synthesis of 3‑acrylamidophenylboronic acid 
(AAPBA)

AAPBA was synthesized in accordance with a previous 
method (Lee et al. 2004) 3-Aminophenylboronic acid (1.0 g, 
6.44 mmol) and sodium carbonate (1.0 g, 11.9 mmol) were 
added to a  H2O/tetrahydrofuran mixed solution (9 mL, v/v, 
2:1). The mixture was cooled in an ice bath. Acryloyl chlo-
ride (1 mL, 12.5 mmol) was added dropwise to the mixed 
solution under strong stirring for over 0.5 h. The reaction 
was conducted for another 2 h at 25 °C. The solution was 
extracted with acetic ether, and the organic phase was con-
centrated to obtain the dry product. After the crude product 
was recrystallized twice in hot water (80 mL, 90 °C), the 
purified AAPBA was obtained.

Synthesis of 3‑acrylamidophenylboronic acid 
(LAMA)

LAMA was prepared following a previously described 
method (He et al. 2007; Cheng et al. 2012). Lactobionol-
actone (1.0 g, 2.94 mmol) was added to methanol at 40 °C. 
After the solution was cooled to 25 °C, 2-aminoethyl meth-
acrylate hydrochloride (2.0 g, 12.08 mmol), triethylamine 
(2.0 mL), and hydroquinone (0.05 g) were added. The mix-
ture was allowed to react for 5 h, and then, the mixture solu-
tion was concentrated and precipitated into an amount of 
isopropanol. After filtering, washing, and drying, the puri-
fied LAMA was obtained.

Synthesis of p(AAPBA‑r‑LAMA)

LAMA (3 mmol, 1.40 g), AAPBA (2 mmol, 0.38 g), AIBN 
(0.05 mol, 8.2 mg), and S-1-dodecyl-S′-(α,α′-dimethyl-α″-
aceticacid) trithiocarbonate (0.1 mmol, 36.42 mg) were 
added to a Schlenk tube and dissolved in 4 mL of a mixed 
solution  (H2O/DMF, v/v = 1:3). The tube was immersed 
with argon for 30 min in an ice bath and kept at 70 °C for 
24 h. After the reaction was cooled in the ice bath, a random 
copolymer was obtained by precipitation in excess methanol 
acetic ether. The copolymer was simply named PrLrB.
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Preparation of nanoparticle

Water (9 mL) was added dropwise to a mixed solution of 
 H2O/DMF (1 mL, v/v, 1:3) containing the random copoly-
mer PrLrB (5 mg) under vigorous stirring. The resultant 
nanoparticle solution was dialyzed against  H2O for 24 h to 
remove the organic solvent. The obtained nanoparticle was 
denoted as  NPPrLrB.

Loading drug

DOX (2 mg) and PrLrB (20 mg) were dissolved in 2 mL of 
 H2O/DMF (v/v, 1:3) solution.  H2O (8 mL) was dropwise 
added under vigorous stirring. The resultant nanoparticle 
solution was dialyzed against  H2O for 24 h to remove the 
organic solvent. The obtained nanoparticle was denoted as 
 NPPrLrB-DOX.

Drug loading and encapsulation efficiency were meas-
ured as follows. After the  NPPrLrB-DOX solution (3 mL) was 
centrifuged at 20 000 rpm for 0.5 h, the supernatant was 
tested using a UV–vis spectrometer at 485 nm. The amount 
of DOX was estimated using the following equations:

Characterization of copolymers and nanoparticle

1H NMR spectra were determined at 25 °C by using a Var-
ian Unity-plus 400 NMR spectrometer. Hydrodynamic size 
(DH) was measured by dynamic light scattering (DLS, Mal-
vern Zetasizer Nano S apparatus). The nanoparticle mor-
phology was observed using a transmission electron micro-
scope (FEI).

In vitro DOX release

Exactly 5 mL of the  NPPrLrB-DOX solution was transferred 
to a dialysis tube (MWCO 3500) and dialyzed under shaking 
(100 rev/min). The dialysis tube was immersed into 25 mL 
of PBS buffer (pH 6.0, 7.4, and 7.4 with glucose [1 mg/mL]). 
At specific time intervals, 1.5 mL of the dialyzed medium 
was obtained for UV–vis measurement (λ = 485 nm). Then, 
1.5 mL of fresh dialyzed medium was added. Each sample 

(1)LC% =

weight of DOX in NPs

weight of NPs
× 100%

(2)EE% =

weight of DOX in NPs

weight of total DOX
× 100%

was analyzed in triplicate, and the results were recorded as 
mean ± standard deviation (n = 3).

Cytocompatibility assay

The cytotoxicity of materials was evaluated by cell cocul-
ture assay. NIH3T3 and HepG2 cells were cultured in 
DMEM containing 10% fetal bovine serum, 1% penicil-
lin/streptomycin, and 1% nonessential amino acid. Cells 
were placed in 5%  CO2/95% air at 37  °C. They were 
seeded at a density of  104 cells/well in a 96-well plate. 
 NPPrLrB-DOX was diluted to different concentrations 
with the cell culture medium and added to the 96-well 
plate to replace the primary medium. After incubation 
for 24 h, a 3[4,5-dimethylthiazol-2-yl]-2,5-diphenylter-
azolium bromide (MTT) (10 μL) solution was added to 
each well and incubated for another 4 h. After the medium 
was discarded, DMSO (150 μL) was added to dissolve 
the formazane crystals. Optical density was recorded at 
492 nm on a microplate reader.

In vitro cellular internalization

NIH3T3 and HepG2 cells were cultured in 24-well plates. 
After the cells were incubated overnight, they were cocul-
tured with predetermined concentrations of  NPPrLrB-DOX. 
After the cells were cultured for a predetermined time, 
they were washed treated with PBS (pH 7.4) and 4% para-
formaldehyde and stained with 4′,6-diamidino-2-phenylin-
dole (DAPI). Then, the internalization was observed using 
a fluorescent microscope.

In vivo administration

Male BALB/c nude mice (4 weeks old) were purchased 
from Beijing HFK Bioscience Co., Ltd. (Beijing, China). 
All the protocols for animal experiments were performed 
on the basis of the guidelines of the Council for the Pur-
pose of Control and Supervision of Experiments on Ani-
mals, Ministry of Public Health, Government of China.

The nude mice were randomly divided into three 
groups (five mice per group). After tumor volume 
reached a mean size of approximately 50  mm3, PBS 
buffer (pH 7.4), free DOX, and  NPPrLrB-DOX were 
intravenously injected into the mice on the 18th, 24th, 
and 28th days, respectively, with a dose of 1 mg of 
DOX per kg of mouse body weight. The tumor size and 
body weight were measured at a predetermined time. 
On the 35th day, the major organs of the mice were 
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harvested and fixed in 10% neutral buffered formalin 
for histochemical studies. They were embedded in par-
affin, and 4-μm-thick sections were cut and stained 
with hematoxylin and eosin (H&E). Micrographs were 
obtained using an optical microscope.

Statistical analysis

All data, expressed as means ± standard deviation, were 
compared by one-way analysis of Kruskal–Wallis ANOVA. 
The level of statistical significance was set at p < 0.05.

Results and discussion

Synthesis and characterization of random 
copolymer and nanoparticles

Anticancer materials are generally prepared with compli-
cated procedures to process multiple functions. Herein, 
we designed and prepared a simple and feasible poly-
meric system with targeted and pH-responsive functions. 
The random copolymer p(AAPBA-r-LAMA-r-PEGMA) 
(simply denoted as PrLrB) was synthesized via the RAFT 

Scheme 1  Synthesis of a AAPBA, b LAMA and random copolymer p(AAPBA-r-LAMA-r-PEGMA)

Scheme 2  a Self-assembly of 
PrLrB copolymer with drugs 
into nanoparticles and drug 
release behavior. b Interaction 
of drug-loaded  NPPrLrB and 
tumor cells
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polymerization technique with one step (Scheme  1). 
PrLrB could self-assemble to form nanoparticles with 
hydrophilic LAMA corona, LAMA–AAPBA cross-link-
ing layer, and hydrophobic core (Scheme 2). Boronate 
esters, formed between AAPBA and LAMA, were stable 
under physiological conditions, but they easily dissoci-
ated in an acidic tumor microenvironment (Su et al. 2011; 
Li et al. 2012) which was beneficial to acid-responding 
drug release in tumor tissues. Simultaneously, the target-
ing ligands of LAMA on the nanoparticle surface could 
be activated to enhance cellular internalization by car-
bohydrate–protein interactions (An et al. 2015; Lepenies 
et  al. 2013; Fallon and Schwartz 1988; Becker et  al. 
1995). LAMA had a targeting effect on tumor cells, and 
its cross-linking layer and core could load drugs for the 
treatment of diseases. The 1H NMR spectra of AAPBA, 
LAMA, and PrLrB are shown in Figs. 1a–c. Compared 

with the spectra of AAPBA (A) and LAMA (B), the spec-
trum of PrLrB retained the resonance signals of phenyl-
ring protons and sugar units at 6.0–7.9 and 3.0–3.7 ppm, 
respectively. The resonance signals assigned to the dou-
ble-bond protons completely disappeared. New resonance 
signals appeared at 0.8–1.8 ppm, which were assigned to 
the main chain protons, as shown in Fig. 1c. These results 
indicated the successful preparation of the random 
copolymer PrLrB and  NPPrLrB via a nanoprecipitation 
technique. Figure 1d shows the hydrodynamic particle 
size of  NPPrLrB of approximately 164.2 nm in a pH 7.4 
medium. The nanoparticles exhibited a spherical shape 
with good dispersion (Fig. 1e). In a pH 6.0 medium, the 
disassembly of the LAMA–AAPBA cross-linking layer 
in  NPPrLrB led to the decrease in size of approximately 
78.2 nm (Fig. 1f). The morphology (Fig. 1g) in pH 6.0 
confirmed this result. The disassembly behavior of the 

Fig. 1  1H NMR spectra of a AAPBA, b LAMA, and c PrLrB. d Size 
of  NPPrLrB in a pH 7.4 medium. e Morphology of  NPPrLrB in a pH 
7.4 medium. f Size of  NPPrLrB in a pH 6.0 medium. g Morphology of 

 NPPrLrB in a pH 6.0 medium. h Size change of  NPPrLrB in different pH 
media. i Stability of  NPPrLrB in DMEM with 10% FBS medium
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LAMA–AAPBA (Guo et al. 2019) cross-linking layer is 
important because it makes the foundation for the drug 
release in the tumor environment. The size changes in 
different pH media were measured to evaluate the disas-
sembly behavior of  NPPrLrB further. The size of  NPPrLrB 
in an acidic condition was generally smaller than that in 
a neutral or alkaline condition (Fig. 1h). The stability of 
 NPPrLrB was studied by measuring its size in DMEM with 
10% FBS. The result in Fig. 1i shows that  NPPrLrB can be 
kept stable for 2 days. The stability of the nanoparticle 
in a cell culture medium is important for its use in cell 
and animal assays.

Drug loading and cellular assays of  NPPrLrB‑DOX

Herein, DOX was used as a model chemotherapeu-
tic agent. DOX was loaded into  NPPrLrB with LC of 

9.7% and EE of 71.3%. In vitro release of DOX was 
tested in different media, and the results are shown in 
Fig. 2a. To mimic physiological (e.g., in blood circu-
lation) and tumor environments, three release media, 
that is, pH 7.4, pH 7.4 with glucose (1 mg/mL), and 
pH 6.0, were used. In Fig.  2a, the DOX cumulative 
release from  NPPrLrB-DOX at pH 7.4, pH 7.4 with glu-
cose, and pH 6.0 was 10.9%, 20.7%, and 57.9%, respec-
tively, over 96 h. The higher release in pH 7.4 with 
glucose than that in pH 7.4 might have resulted from 
the local swelling of AAPBA core on the basis of the 
conjugation between AAPBA and glucose. In the pH 
6.0 medium, the disassembly of the LAMA/AAPBA 
cross-linking layer led to the highest DOX release from 
 NPPrLrB-DOX.

High biocompatibility is important for a successful 
drug delivery system. Herein, cell viability and hemolysis 

Fig. 2  a In vitro DOX release from  NPPrLrB-DOX in different media. 
b Cell viability of NIH3T3 and HepG2 cells after being treated 
with various concentrations of  NPPrLrB. c Hemolysis of NIH3T3 

and HepG2 cells after being treated with various concentrations of 
 NPPrLrB. d Cell viability of NIH3T3 and HepG2 cells after being 
treated with various concentrations of  NPPrLrB-DOX (p < 0.05)
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assays were used to evaluate the cytotoxicity of  NPPrLrB 
(Figs. 2b and c) and  NPPrLrB-DOX (Fig. 2d). In Fig. 2b, 
 NPPrLrB showed low cell toxicity with a high concentra-
tion of up to 400 μg/mL. In Fig. 2c, hemolysis assay 
demonstrated a similar result to cell viability, with low 
hemolysis (< 5%) at high concentrations of  NPPrLrB. By 
contrast,  NPPrLrB-DOX exhibited evidently higher cyto-
toxicity against NIH3T3 and HepG2 cells.  NPPrLrB-DOX 
produced higher cytotoxicity against NIH3T3 cells than 
HepG2 (Fig. 2d). This difference might result from the 
targeting activity of LAMA to HepG2. Damaging tumor 
cells without harming the normal tissues is an important 

consideration in developing drug delivery systems for the 
treatment of cancer.

To study drug accumulation in NIH3T3 and HepG2 cells, 
localization of  NPPrLrB-DOX in both cells was observed 
by confocal microscopy. In Fig. 3, the fluorescent signals 
in NIH3T3 and HepG2 from  NPPrLrB and DOX increased 
evidently with time. Meanwhile, the fluorescent signals 
of  NPPrLrB and DOX in HepG2 were higher than that of 
NIH3T3. The fate of  NPPrLrB-DOX after internalization was 
observed by further coincubating it with HepG2 cells for 
12 h (Fig. 4). The green fluorescence of  NPPrLrB was mainly 
found in the cytoplasm, and the red fluorescence of DOX 

Fig. 3  Cellular uptake of 
 NPPrLrB-DOX: a NIH3T3 cells, 
and b HepG2 cells. Nuclei 
stained with DAPI (blue). DOX 
(red) released from the nanopar-
ticle (green)

Fig. 4  Cellular uptake after 
HepG2 cell incubation with 
 NPPrLrB-DOX. Nuclei stained 
with DAPI (blue). DOX (red) 
released from the nanoparticle 
(green)
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was mainly detected in the nuclei. These results indicated 
that  NPPrLrB-DOX entered the cells, and DOX was success-
fully released from the nanoparticles and escaped from the 
lysosomes.

In vivo antitumor assay

We intravenously administrated  NPPrLrB-DOX to tumor-
bearing mice to combat tumor growth effectively, and the 
antitumor efficacy was studied. Figure 5a shows that tumors 
grew fast in the PBS group with a threefold increase in volume 
after 2 weeks. Tumor-bearing mice treated with DOX partly 

presented an inhibited effect on tumor growth with 2.1-fold 
increase in tumor volume. In comparison, the tumor-bearing 
mice treated with  NPPrLrB-DOX showed evident inhibition of 
tumor growth with a slight increase in volume over 2 weeks. 
The limited therapeutic effect of free DOX might be ascribed 
to its rapid blood clearance and insufficient tumor accumu-
lation. In addition, the body weight of mice was recorded 
(Fig. 5b), and no obvious body weight loss was found, indi-
cating that the doses of drugs were safe for all the mice.

Generally, DOX in vivo will increase the risk of organ 
toxicity. T histological analysis was conducted on the main 
organs, such as the liver, spleen, and kidney, to examine 

Fig. 5  a Inhibition of tumor growth in HepG2 xenograft models after treatment with different agents (p < 0.05). b Body weight changes in mice 
after treatment with different agents

Fig. 6  Histological analysis of 
H&E-stained liver, spleen, and 
kidney tissue sections cut from 
mice, which were treated with 
PBS, DOX, and  NPPrLrB-DOX
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organ damage. In Fig. 6, multifocal hepatic necrosis and evi-
dent inflammatory cells were observed in the livers of mice 
treated with free DOX. In comparison, no obvious tissue harm 
was found for mice treated with PBS and  NPPrLrB-DOX. No 
remarkable tissue damages were identified in any spleen and 
kidney for all the groups.

Conclusions

Herein, a simple and feasible drug self-assembled delivery 
system with pH responsiveness and targeting function was 
prepared for cancer therapy. The drug delivery system was 
composed of DOX and an amphiphilic random copolymer 
p(AAPBA-r-LAMA-r-PEGMA) based on phenylboronic 
acid, galactose, and polyethylene glycol monomethyl 
ether acrylate molecules by RAFT polymerization. For 
the polymeric micelles, galactose molecules provided the 
targeting function for HepG2 cells, while the interaction 
of phenylboronic acid and galactose supported the pH-
responsive behavior. Compared with physiological condi-
tion, particle size decreased and morphology changed in 
an acidic condition, as indicated by the results of DLS 
and TEM, respectively. Drug-loaded micelles were inter-
nalized using HepG2 and NIH3T3 cells, and more drug 
and micelles were present in HepG2 cells than in NIH3T3 
cells. In vivo antitumor assay showed that the drug-loaded 
micelles significantly inhibited tumor growth with mini-
mal injury to normal tissues. All the results indicated that 
the synthesized micelles may facilitate the development of 
valid drug delivery systems for cancer therapy.
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